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ARE THE SATELLITE-OBSERVED NARROW, STREAKY 
CHLOROPHYLL FILAMENTS LOCALLY INTENSIFIED BY THE 

SUBMESOSCALE PROCESSES? 

Igor Shulman (1), Bradley Penta (1), James Richman (1), Gregg Jacobs (1), Stephanie Anderson (1), 

Peter Sakalaukus (1) 

(1) Oceanography Division, Naval Research Laboratory, Stennis Space Center, MS

ABSTRACT 

Based on observations and modeling studies we have evaluated the impact of submesoscale processes on the 

development and intensification of offshore narrow (5-10km wide) phytoplankton filaments during summer time in the 

Monterey Bay, CA. We have demonstrated that, submesoscale processes (surface  frontogenesis and  nonlinear Ekman 

transport) lead to the development of very productive phytoplankton patches along the edges between the cold jet and 

warm anticyclonic eddy. Our results illustrate that during persistent upwelling favorable winds, submesoscale processes 

can modulate the development and intensification of offshore narrow (5-10km wide) phytoplankton filaments. These 

processes can incubate the phytoplankton population offshore (as for example, bioluminescent dinoflagellates during 

August 2003). These offshore phytoplankton filaments can migrate onshore during relaxed winds following the 

upwelling, and be an additional source of phytoplankton bloom development in and around Monterey Bay. Therefore, 

the discussed offshore phytoplankton filaments may be a factor in the Bay ecosystem health, as for example, in the 

development of such events as harmful algae blooms (HABs). All these emphasize the importance of further 

observational and modeling studies of these submesoscale processes which impact the development and intensification 

of offshore phytoplankton filaments.  
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Figure 1. MODIS-Aqua SST and Chlorophyll a images for August 2003. Black lines on MODIS SST and Chlorophyll a 

images indicate AUV DORADO sections taken 11 and 16 August. 

 

1. INTRODUCTION 

Recently there has been an increase in observational and modeling studies focusing on the impact of submesoscale 

processes on biological dynamics in the ocean (see, for example, review by Levy et al., 2012).  It has been found that 

submesoscale processes with scales of O(1-10km) in the horizontal, O(100m) vertical, and O(1 day) temporal domains 

impact phytoplankton growth and increase productivity in a variety of ways, as for example, by modulating the vertical 

supply of nutrients into the euphotic, lighted layer, or  by changing the light exposure of  phytoplankton by modulating 

the strength of vertical mixing (see review by Levy et al., 2012). These processes contribute to the development of 5-10 

km wide submesoscale filaments in the form of streaky chlorophyll patches often observed in satellite images of ocean 
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color. As stated in Levy et al (2012), the impact of submesoscale processes on the intensification of phytoplankton 

filaments depends on the local hydrography, euphotic depth, and nutrient distributions. 

During upwelling favorable winds, pockets of cold, salty water appear to the north of Monterey Bay, CA. These pockets 

grow into a cold, dense jet extending offshore and flowing southward along the entrance to the Bay (Rosenfeld et al., 

1994; Ramp et al., 2009). The cold, dense jet interacts with the warmer, less saline anticyclonic circulation offshore. The 

anti-cyclonic California Current meander, also some-times referred to as the Monterey Bay Eddy (MBE), is a frequently 

observed feature of the region during the upwelling (Rosenfeld et al., 1994; Ramp et al., 2009). The MODIS-Aqua SSTs 

for August 11, 13 and 15 of 2003 (Figure 1) illustrate well the described dynamics during the upwelling event: the 

development and intensification of a southward flowing cold jet and its interaction with the warm offshore anticyclonic 

circulation. The MODIS-Aqua chlorophyll a images show streaky filaments (5-10km wide) along the offshore edges of 

the jet (Figure 1).  Figure 1 shows that filaments are connected to the high chlorophyll water masses to the north of the 

Bay, and because of a predominately southward flow during the upwelling, we can suspect that the advection of 

relatively high chlorophyll water masses from the north contributed to the development of the narrow filaments in Figure 

1.  At the same time, Figure 1 shows that these narrow filaments are maintained in the frontal area between the 

meandering warm anticyclonic circulation offshore and the cold jet. It is known (Calil and Richards, 2010; Levy et al., 

2012), that the area between a cold jet and warm anticyclonic circulation is prone to generation of submesoscale 

processes, which contribute to the development of narrow, streaky chlorophyll filaments like those presented in Figure 1. 

Are the observed streaky chlorophyll a offshore filaments locally intensified by the submesoscale processes?  

 

2. Observations 

 
The MODIS-Aqua satellite imagery was processed using the NRL Automated Processing System (APS) (Gould et al., 

2011). In this study, estimates of the chlorophyll a (Chl) from MODIS-Aqua imagery for 11-15 August of 2003 were 

used. Chlorophyll data are derived by OC3M algorithm (O’Reilly et al., 2000) at 1 km pixel resolution. The diffuse 

attenuation coefficient Kd (488) was estimated in accord with (Lee et al., 2005). The Kd (488) was used to estimate the 

euphotic depth (noted Eu); the Eu was estimated as the depth where photosynthetic available radiation (PAR) is 1% of its 

surface value (Lee et al., 2007): 
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Observations of winds and PAR from the Monterey Bay Aquarium Research Institute (MBARI) surface moorings M1 

(122.02
o
 W, 36.74

o
 N) and M2 (122.40

o
 W, 36.67

o
 N) are used in this study (Figure 2).  Near-surface 3m wind speed and 

direction were measured by a MetSys monitor. The observed PAR was measured by the spectroradiometer mounted on 

moorings approximately 3m above the water surface (Chavez et al., 2000). 

Surface current observations used in this study were derived from the California Coastal Ocean Current Mapping 

Program’s HF radar network (www.cocmp.org). Surface currents were estimated based on inputs from five HF radar 

sites for August 2003. Vector currents were estimated on a Cartesian grid with a horizontal resolution of 3 km by 

computing the best-fit vector velocity components using all radial velocity observations within a radius of 3 km for each 

grid point each hour (Paduan et al., 2006).  

 

Figure 2. (a) Model domain with locations of moorings M1 and M2. (b) Observed wind velocities at moorings during 11-

16 August 2003 and (c) Observed HF Radar surface currents averaged over15-17 August 2003.  
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Propeller-driven AUV such as the MBARI manufactured DORADO have been described in Bellingham et al, 2000 and 

Ryan et al, 2009. Deployments of the DORADO during 11 and 16 August 2003 are used in this study. The instruments 

on board included CTD, optical backscattering, chlorophyll fluorescence, nitrate and bioluminescence potential sensors. 

 

 

3. Model 

The Monterey Bay circulation model used in this study has been described in detail elsewhere (Shulman et al., 2009, 

2010). The model domain is shown on Figure 2. The model is based on the Navy Coastal Ocean Model (NCOM), which 

is a primitive-equation, 3D, hydrostatic model. The Monterey Bay model is forced with surface fluxes from the Coupled 

Ocean and Atmospheric Mesoscale Prediction System (COAMPS) (Doyle et al., 2009). The Monterey Bay model uses 

the Navy Coupled Ocean Data Assimilation (NCODA) system. The NCODA assimilates satellite altimeter observations, 

satellite sea surface temperature, as well as available in-situ vertical temperature and salinity profiles from ships and 

gliders (Shulman et al., 2009, 2010). In this study, a depth of mixed layer (MLD) is derived from the Monterey Bay 

model and observations. In both cases, the MLD is computed as the depth at which temperature deviates by 0.3°C from 

the near surface (at 2m depth) temperature.  

 

4. Results 

Because the location of the submesoscale filament (Figure 1) coincides with the area between the cold jet and the 

anticyclonic circulation offshore, the submesoscale process due to their flow interaction  with the development of the 

surface frontogenesis is considered here (Hoskin, 1982; Levy et al., 2012; Calil and Richards, 2010). Because the 

upwelling favorable winds have been blowing along the jet and over the anticyclonic circulation for more than a week 

(Figure 2b), the second submesoscale process considered here is due to the forcing interaction - nonlinear Ekman 

transport (Thomas and Lee, 2005, Levy et al., 2012;  Calil and Richards, 2010). Both submesoscale processes are likely 

to contribute to the development and intensification of the submesoscale filament (Calil and Richards, 2010; Shulman et 

al., 2015).  
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In the first process, the interaction between the dense cold jet and lighter, warmer, anticyclonic circulation leads to an 

ageostrophic secondary circulation (ASC). These ASC cells are generated in a plane perpendicular to the density front 

(Hoskins, 1982), which are upward (upwelling) on the light (anticyclonic) side of the front and downward on the dense 

side of the front.  The ASC cells lead to a restratification flow from the light site to the dense. In Hoskin (1982), the 

vector 1Q is used to qualitatively diagnose ageostrophic vertical motion due to frontogenesis:  
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 are the horizontal gradients of buoyancy: 

0

*

ρ
ρgb −=   (2) 

with *ρ being the deviation from the reference density 0ρ , and g  is the acceleration due to gravity. The local 

maximum of 1Q creates a vertical circulation with associated upwelling/downwelling ACS cells.  

The second process is the intensification of ASC cells due to nonlinear Ekman transport (Thomas and Lee, 2005; Levy et 

al., 2012). This is a result of down-front winds blowing in the direction of the frontal jet. When a wind blows down a 

front, cross-front advection of density by Ekman flow results in a destabilization of the water column, which results in a 

convection that is localized to the front. The vertical circulation associated with the ASCs is characterized by subduction 

on the dense side of the front and upwelling along the frontal interface. It creates upwelling on the anticyclonic 

circulation site (with negative relative vorticity) and downwelling on the jet site. According to Thomas and Lee (2005), 

the dominant term in nonlinear Ekman transport is: 

)(0 ξρ
τ
+

−=
f

Me a  (3) 

Where Me  is nonlinear Ekman transport, aτ is along-front wind stress component, f is Coriolis parameter, and ξ  is 

relative vorticity of geostrophic flow. 

The local maxima of 1Q and Me  create a vertical circulation with associated upwelling/downwelling ACS cells. For 

both processes, ASC cells are upward (upwelling) on the light (anticyclonic) side of the front, and downward on the 
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dense side of the front. The ASC cells modulate the mixing of material down to the mixed layer depth (MLD), provide 

injections and cycling of nutrients, as well as the cycling of phytoplankton in the subsurface down to the base of the 

mixed layer depth. All these directly influence the intensification and development of submesoscale phytoplankton 

filaments. 

Figure 3 shows the model vertical velocity for a section across the cold filament, the warm offshore anticyclonic 

circulation, and the frontal area between them. The model vertical velocity shows the development of the ACS cell, with 

the ascending part of this cell coinciding with the warm part of the front. This is in agreement with what would be 

expected from the surface frontogenesis and nonlinear Ekman transport.   

 

 

Figure 3. (top panel) the model SST (August 15 2003) with the location of cross section; (bottom panel) the model 

vertical velocity (solid lines are positive and dashed lines are negative values). 
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Figure 4. Observed and model predicted properties plotted along sections crossing filament on 15 00Z August 2003. 

Section is indicated by white line on MODIS-Aqua SST image (top row).  Plots along the section of : (second row) 

MODIS-Agua chlorophyll a, SST, euphotic depth Eu derived from the MODIS-Aqua observations, and the mixed layer 

depth MLD derived from the model; (third row) MODIS-Agua chlorophyll a, magnitudes of vector Q1, nonlinear Ekman 

transport Me, which are averaged over top 15m depth. 

 

Figure 4 shows observed and modeled-predicted properties plotted along the section crossing the submesoscale filament.  

On Figure 4, the vector 1Q  magnitude (1),  the value of nonlinear Ekman transport Me  (3) were estimated by using the 
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COAMPS wind stress and the Monterey Bay model fields of temperature, salinity and velocity averaged over a period of 

48 hours centered on August 15 00Z 2003.  Estimated values of 1Q ,  Me  were averaged over the top 15 m depth 

(Figure 4, third row), which is the depth of model-predicted MLD (Figure 4, second row). Locations of the local 

maximum of Q1 (1) and Me  (3) coincide with the location of the filament.  

 

Figure 5. AUV DORADO surveys taken 11and 16 August 2003. Vertical dashed lines indicate location of the high 

chlorophyll a filament: 11 August- where the filament appeared later on MODIS-Aqua image on 15 August; 16 August – 

where the filament observed in MODIS-Aqua image on 15 August. 
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Figure 5 presents subsurface properties along the AUV DORADO surveys. On 16 August, the figure shows the 

deepening of isotherms offshore at the end of the section where the section reaches the warm, anticyclonic circulation 

offshore (see position of the section over 15 August MODIS SSTs on Figure 1 of the paper, top panel). Also, there is a 

flattening of isotherms as the section moves from the warm anticyclonic circulation  through the frontal area. This is 

consistent with the surface frontogenesis, which tends to flatten the isopycnals/isotherms (see, for example, Klein and 

Lapeyre,  2009).   In the area of filament, both model-predicted MLD (~15m, Figure 4, second row) and observed MLD 

(~15m, Figure 5, 16 August) are shallower then the estimated euphotic depth (Eu) in and around the filament (Figure 4, 

second row). In this case, the developed ASC cells kept phytoplankton in the lighted area and supported photosynthesis. 

Also, the ASC cells provided a vertical supply of nutrients into the euphotic area and facilitated consumption of nutrients 

(see uplifting of nutricline in the area of the filament on 16 August, Figure 5).   

In the area of the filament the observed changes in subsurface properties show the shallowing of MLD, increase in 

consumption of nutrients and increase in subsurface values of chlorophyll, optical backscattering and bioluminescence 

potential from August 11 to 16 (Figure 6). DORADO surveys (August16) show a coincidence of high values in observed 

chlorophyll a, BL potential and optical backscattering in the area of the filament. Moline et al, 2009 demonstrated that 

such a coincidence of high values in considered bio-optical parameters is associated with the presence of bioluminescent 

species of dinoflagellates in the northern part of the Monterey Bay.  Based on this, we suspect that the observed 

coincidence of high values of chlorophyll a, BL potential and optical backscattering point to a presence of the 

bioluminescent dinoflagellates in the offshore submesoscale filament. 

 

5. Discussions and Conclusions.  

MODIS-Aqua chlorophyll a imagery has demonstrated the development of submesoscale, high chlorophyll a filaments 

during the upwelling event of August 2003 . These filaments are connected to the high chlorophyll water masses to the 

north of the Bay (Figure 1), suggesting that the advection of high phytoplankton water masses from the north might have 

contributed to the development of the observed submesoscale filaments. At the same time, these filaments are confined 

to the narrow frontal area between the cold jet and the meandering warm anticyclonic circulation offshore. This frontal 

area is prone to the development of the submesoscale processes and ASC cells, which are known to contribute to the 
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development of narrow, submesoscale chlorophyll filaments in other areas of the world (see, for example, Calil and 

Richards, 2010; Levy et al., 2012).  

We used the vector 1Q  to diagnose ageostrophic vertical motion due to frontogenesis. The leading order term of 

nonlinear Ekman transport Me  was used to qualitatively diagnose the ageostrophic vertical motion due to nonlinear 

Ekman transport. Plots of the observed and model-predicted properties across-filament (15 August 2003) have shown 

locations of the local maximum of Q1 (1) and the nonlinear Ekman transport Me  (3) in the area of the observed 

submesoscale filament (Figure 4). In Shulman et al., 2015, we demonstrated that both submesoscale processes had 

comparable time scales with the time scales of horizontal advection and with time scales of phytoplankton growth rates 

documented in the literature.  

The observed temperature from the AUV DORADO survey has shown a flattening of isotherms as the section moves 

from the warm anticyclonic circulation through to the frontal area. This is consistent with the surface frontogenesis, 

which tends to flatten the isopycnals/isotherms (see, for example, Klein and Lapeyre,  2009). 

Because the observed and model-predicted MLD are shallower then the estimated euphotic depth in and around the 

filament, the developed ASC cells kept phytoplankton in the lighted area and supported photosynthesis. Also, the ASC 

cells provided a vertical supply of nutrients into the euphotic area and facilitated consumption of nutrients (what was also 

observed by the DORADO surveys). All of the above indicate that local ASC processes maintained phytoplankton 

population in the lighted area, supplied nutrient-rich subsurface waters into the euphotic area, and therefore facilitated 

the intensification and development of the observed phytoplankton rich filament during 11-16 August 2003 (Figure 1).  

In Shulman et al., 2015, comparisons of chlorophyll a submesoscale filaments on 15 August 2003 and 10 June of 2008 

were presented. It was shown that both filaments had similar horizontal across-filament scales. However, the maximum 

of the June filament chlorophyll a was about 3-4 times smaller than in August 2003. The difference between the 

observed MODIS-Aqua SSTs in August and June does not alone explain the observed 3-4 magnitude difference in the 

intensity of phytoplankton filaments.  Observations have shown that hydrographic conditions and light availability in 

surface and subsurface were very similar during both of the considered time periods (Shulman et al., 2015). An analysis 

of water samples collected along the June 2008 filament has shown that conditions were not nutrient (nitrate and silicate) 

limited for the phytoplankton growth. The mixed layer depth (MLD) along the June filament (~40-60m) was about 2-3 

times deeper than the MLD during August 2003 (~15m), and about 10-20m  deeper  than the estimated euphotic depth. 
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Therefore, the discussed above submesoscale processes and associated ACS cells mixed the phytoplankton and nutrients 

below the euphotic depth in June 2008, which provided a slower supply of nutrients into the euphotic depth in 

comparison to the August 2003 conditions, when the MLD was shallower than the euphotic depth. During June 2008, 

ACS cells reduced the presence of phytoplankton in the lighted area, and therefore, reduced exposure of phytoplankton 

to light, and limited the growth of the filament in comparison to August 2003.  

Our results show that during the late summer time frame, ASC leads to the development of phytoplankton rich 

submesoscale filaments offshore, along the edge of the cold jet (when the MLD and euphotic depth are comparable) . 

Our results illustrate that during persistent upwelling favorable winds,  submesoscale processes and ACS cells can 

modulate the development and intensification of offshore narrow (5-10km wide) phytoplankton filaments. These 

submesoscale and ACS cells can incubate the phytoplankton population offshore (as for example, bioluminescent 

dinoflagellates during August 2003). These offshore phytoplankton filaments can migrate onshore during relaxed winds 

following the upwelling, and provide an additional source of phytoplankton bloom development in and around Monterey 

Bay. Therefore, the discussed offshore phytoplankton filaments may be a factor in the Bay ecosystem health, as for 

example, in the development of such events as harmful algae blooms (HABs). All these emphasize the importance of 

further observational and modeling studies of these submesoscale processes which impact the development and 

intensification of offshore submesoscale phytoplankton filaments.  
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